The bacteriophage P1 infects and functions as a generalized transducing phage for nitrogenfixing strains of the coliform bacterium Klebsiella pneumoniae. Bacterial mutants (nif-) unable to grow on molecular nitrogen as a nitrogen source were found to be deficient in nitrogenase activity as assayed by the conversion of acetylene to ethylene. These mutants regained normal nitrogenase activity and the ability to grow on N2 after transduction with lysates of P1 phage prepared from wild-type bacteria. Transductional analysis with P1 revealed that several nif genes are located on the genetic linkage map of Klebsiella near the histidine operon.
molecular nitrogen as a nitrogen source were found to be deficient in nitrogenase activity as assayed by the conversion of acetylene to ethylene. These mutants regained normal nitrogenase activity and the ability to grow on N2 after transduction with lysates of P1 phage prepared from wild-type bacteria. Transductional analysis with P1 revealed that several nif genes are located on the genetic linkage map of Klebsiella near the histidine operon.
During the last decade, work in the field of biological nitrogen fixation has been focused primarily on the enzymology of the process. The enzymatic conversion of nitrogen to ammonia has been studied in greatest detail in two bacterial speciesClostridium and Azotobacter (1) . Unfortunately, neither of these bacteria is a good prospect for the study of the genetic basis of nitrogen fixation; neither has been studied genetically, and no method of genetic transfer has been reported for either of them. Furthermore, the complexity of the symbiotic relationship between the root-nodule bacteria and leguminous plants makes it difficult to exploit the genetic transformation that has been reported for these bacteria (2) .
We are investigating the genetic basis of nitrogen fixation by applying the genetic techniques developed with Escherichia coli to its nitrogen-fixing relative, Klebsiella pneumoniae (3, 4) . We report here the genetic transfer of the nitrogen fixation genes by transduction with the bacteriophage P1. (9) . For growth of the pliage, bacteria were grown in L broth to 108 cells/ml. Thymidine, glucose, and CaCl2 were then added. The culture was infected with P1 at a multiplicity of 1-2 and vigorously shaken for [3] [4] [5] hr at 370C until it cleared. These phage lysates were shaken with chloroform, centrifuged at 10,000 X g for 5 min, and stored over chloroform.
Phage lysates were assayed as follows: exponentially growing bacteria were suspended in 0.01 M MgC12-0.005 M\1 CaCl2, at a final cell concentration of 1-2 X 108 cells/ml.
Phage samples, diluted in 1% Bacto tryptone-0.01 I \IgCl2 (pH 7), were mixed with an equal volume of these bacteria and incubated for 10 min at 0C, and then for 20 mim at 370C. The phage and bacteria plus liquid LCTG soft agar (0.6%) were poured over LCTG agar and incubated overnight at 370C. Lysates typically contained 1-5 X 109 plaque-forming units per ml.
P1 Transductions. Transductions were performed according to the method of Wolf et al. (9) . Treated cells (0.1 ml/plate) were spread with 1 drop of 0.5 M sodium citrate on suitable agar and incubated at 300C. When nif+ transductants were selected, the plates were incubated under N2 for 4-5 days.
Extracts. Bacterial cultures were grown in 20-liter carboys containing minimal medium and bubbled with N2. All strains were provided with 50 jig/ml of L-aspartate to induce nitrogenase if the enzyme was present (5) . Cells were harvested with a Sharples centrifuge, and the frozen cell paste was crushed with a Hughes press. The broken cells were suspended in deoxygenated water (containing about 10 Aig/ml of pancreatic DNase (Calbiochem) to hydrolyze DNA) to give a final protein concentration of about 40 mg/ml. After incubation for 20 min at 370C in an argon-filled flask, the cell debris was removed by centrifugation at 30,000 X g for 20 min, and the extracts were stored anaerobically in serum bottles at -200C.
Nitrogenase Assay. The dithionite-acetylene assay (10) was used to measure nitrogenase activity of extracts. Ethylene production was monitored with a Varian-Aerograph model 1400 gas chromatograph, equipped with a peak-height integrator. Whole-cell assays for nitrogenase were performed in 5-ml flasks containing 1.0 ml of cell culture and the appropriate gas mixture.
RESULTS
Nitrogen-fixing strains of Klebsiella pneumoniae and nif-auxotrophs Nitrogen-fixing strains of Klebsiella have been isolated from a wide range of habitats, including leaf nodules of tropical plants (11) , plant and soil sources (3) , and the human intestine (12) . Unusually large numbers occur in the intestines of New Guinea natives, where they may fix some nitrogen in the gut (12) . K. pneumoniae is essentially identical to Aerobacter aerogenes, and is also related to the common colon bacterium, E. coli. In fact, it has a chromosomal map similar to that of E. coli and Salmonella typhimurium (13, 14) , though there are several distinguishing characteristics of K. pneumoniae, such as the higher G + C content of its DNA (60% compared to 50% for E. coli) (4). The bacterial and genetic techniques developed for use with E. coli and Salmonella typhimurium can be used with K. pneumoniae, thus making feasible the application of biochemical genetics to the study of nitrogen fixation.
We have taken advantage of unique differences in colony size and pigmentation to isolate many nif-mutants that produce small, light colonies on minimal agar (Fig. 1) by transduction with P1 that had been grown on wild-type bacteria. Transductant colonies appeared at a frequency of * Derived from K. pneumoniae M5A1.
1-4 X 10-5 nitrogen-fixing colonies per infective phage t Thi, thiamine.
particle (Table 3) and had the dark colony-coloration and nitrogenase activity characteristic of the wild-type donor. Transductional crosses between the nif mutants were a portion of the bacterial chromosome corresponding to about undertaken to investigate the number of genes affected and 100 genes. their relative locations on the bacterial chromosome. Earlier Table 3 shows representative data from a series of twowork with transducing phages (21) (22) (23) indicated that: (a) point transductional crosses. The recipient nif mutants genetic markers separated by large physical distances on the were infected by P1 that had been grown on the donor bacchromosome (unlinked genes) give transductants at a freteria, and the number of nif+ transductant colonies was requency comparable to that obtained with a wild-type donor, corded. Several of these crosses (e.g., nif-88 X nif-95) gave (b) conversely, closely linked markers give low frequencies of high frequencies of transductants, indicating that these transductants, and (c) P1 transducing particles can transfer mutations are in distant genes. All the other mutants that One objective of this work was to develop a system for genetic transfer of the nitrogenase genes that might be used for studies of genetic hybridization of nitrogen-fixing organisms. We are currently performing a series of P1-mediated crosses among our Klebsiella strains with the aim of constructing new nitrogen-fixing hybrids from natural isolates that fix nitrogen either poorly or not at all.
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